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In this article we present a simple repeater scheme based on the negatively-charged nitrogen
vacancy centre in diamond (NV−). Each repeater node is built from simple modules comprising
an optical cavity containing a single NV−, with one nuclear spin from 15N as quantum memory.
The operation in the module only uses deterministic processes and interactions and achieves high
fidelity (> 99%) operation, and modules are connected by optical fiber. In the repeater node ar-
chitecture, the processes between modules by photons can be in principle deterministic, however
current limitations on optical components lead to the processes to be probabilistic but heralded.
The most resource modest repeater architecture contains at least two modules at each node, and the
repeater nodes are than connected by telecom wavelength entangled photon pairs. We discuss the
performance of quantum repeaters starting from the minimum-resource strategy with several mod-
ules (∼ 10) and then incorporating more resource-intense strategies step by step. Our architecture
enables large-scale quantum information networks with existing technology.
I. INTRODUCTION
The development of devices that process information
according to the principles of quantum mechanics is lead-
ing to a new technological revolution. It is already clear
that large scale quantum computers will be able to per-
form tasks impossible in the classical world, however it
is a daunting tasks to realise due to the huge number
of physical qubits (billions at least) required [1–4]. The
field of quantum communication is rapidly growing as
it is seen as a simpler task than full large scale quantum
computation [5, 6]. Even though it is likely that resources
of similar quality will be required, much fewer of them
will be needed [7].
A key ingredient in any quantum communication net-
work is quantum repeaters - devices that create entan-
gled qubits between distance parties. The field has been
working in two main directions: the first being the exper-
imental realisation of small scale devices using high error
rate components that unfortunately leads to poor com-
munication performance[8] . The second has been theo-
retical work on large scale fully error corrected quantum
systems, whose performance can be exceptionally fast [9–
11]. However, small scale quantum computers required in
such quantum communication systems are far from what
can be realised with current technology. One must bridge
this gap to provide a viable route forward.
There are many potential mechanisms to distribute en-
tanglement remotely including ones based on emitters,
receivers, transmitter and receivers. In this manuscript
we illustrate how one can utilise the components and
techniques being developed for large scale quantum com-
puters in simple quantum repeaters - without initially
∗ nemoto@nii.ac.jp
having to resort to fully error corrected devices. Our ap-
proach is based on the state dependent reflection of an
optical photon interacting with an NV− center in dia-
mond embedded in a cavity[12]. The scheme we present
in this paper does not restrict its implementation to NV−
centers in diamond. However a number of good quantum
properties and the required controllability with NV− cen-
ters have been demonstrated[13–25], and it is therefore a
promising candidate to implement such a scheme.
The electron spin of a NV− center is used to medi-
ate entanglement between optical photons (without di-
rect excitation) and the nuclear spin-1/2 of 15N which is
used as the long lived memory while optical signals prop-
agate between nodes. The same components can be used
both for the entanglement distribution as well as the lo-
cal two qubits gates. We however need to remember that
NV− centers use an optical transition (637nm) but tele-
com wavelengths need to be used over optical fibers [26].
This necessities the use of frequency converters - to or
from optical to telecom wavelengths. However moving
from telecom to optical wavelengths is much easier than
the optical to telecom process and so it is natural to con-
sider a telecom based source of Bell states, rather than
a single photon approach where both up and down con-
version would need to be used [27].
In the following we first describe the basic components
of the repeater, what is needed to build a linear network
and discuss its performance. We then show how to boost
performance by adding identical modules for multiplex-
ing and error correction.
II. THE MODULE
The most important component for the repeater is a
(quantum) data processing module. We may additionally
2require optical elements such as photon detector, beam
splitter, Bell state generators, single photon sources and
coherent frequency converters. The module is an in-
terface between photon and matter qubits which store
and process the quantum data. We illustrate a design
of such a module and its functions using a single nega-
tively charged NV centre (NV−) in an optical cavity. The
description given in this example can be applied to im-
plement the same functions with other physical systems.
The module consists of an optical cavity and a sin-
gle NV centre (NV−) in diamond [28–30] . The single
NV− centre provides an electron spin−1 and the nuclear
spin−1/2 of 15N. The Hamiltonian of the single NV−
centre[12, 23] is
Hnv = ~(DS
2
z + E
[
S2x − S
2
y
]
+ geµBBSz) (1)
−~gnµnBIz (2)
+~A‖SzIz + ~
A⊥
2
(S+I− + S−I+) . (3)
Here, the first term represents a zero field splitting
(D/2π = 2.87 GHz), a strain induced splitting (E/2π <
10MHz), and a magnetic field induced splitting (geµBB)
for the NV− centre’s electron spin [31]. Sx,y,z represents
the generalised Pauli X ,Y ,Z operators for a spin-1 sys-
tem with S+ (S−) being the raising (lower) operator.
The parameter µB is the Bohr magneton, and ge = 2.0 is
the g-factor. With an externally applied magnetic field
of B ∼ 20 mT, the |0〉 and | + 1〉 levels at the ground
manifold are separated by approximately 3.43 GHz. The
|ms = −1〉 energy level is detuned approximately 1.1
GHz below the |ms = +1〉 level and ∼ 2.3 GHz above
the |ms = 0〉 level. The electron states |0〉 and |1〉 in
the ground state manifold span the Hilbert space of the
electron spin qubit in the module. The second term rep-
resents a magnetic field induced splitting of the nuclear
spin of 15N. Iz is the Pauli Z spin-1/2 operator, µn is
the nuclear magneton, and gn = −0.566 represents the
nuclear g-factor. The computational basis states of the
nuclear spin are | ↓〉 (| ↑〉). The rest of the terms repre-
sents a hyperfine interaction between the electron and
nuclear spins. The hyperfine interaction has both an
Ising coupling with a coupling strength A‖ and an ex-
change coupling with a coupling constant A⊥. For a 15N
nucleus, A‖/2π ∼ 3.03 MHz and A⊥/2π ∼ 3.65 MHz
[31].
Now we turn to the cavity and the NV− electron spin.
We tune the cavity to be resonant to the energy gap
between |0〉 states of the ground and the first excited
states. The electron spin states |0〉 and |1〉 are used
to conditionally reflect incoming light field. Assuming
a high-cooperativity regime for the cavity; C >> 1,
the signal for a cavity with a NV− centre being in the
ground |0〉 state is reflected as the reflection probability
Pr ∼ 1, while the signal for the empty cavity results in
Pr ∼ 0.[12, 32] In this regime, the electron state excita-
tion decreases with cooperativity as 1/C, however there is
a small possibility that a off-resonant excitation of NV−
centres in the |1〉 ground state may occur. Most of times,
an excitation is harmless, however due to a number of de-
cay channels with non zero probabilities, it could cause
a spin flip or an leakage error on the electron spin. Such
an error could transferred to nuclear spin through the
hyperfine coupling. Dealing with photons, we have to
assume that it is inevitable for any gates mediated with
photons to be probabilistic, and hence we need to de-
sign the gate to be heralded for success. The heralding
signal is given by the photon measurement, which guar-
antees that there was no excitation occurred in the case
of success. When the gate failed, we need to treat the
electron and nuclear spins carefully. If we can initialise
both electron and nuclear spins after a failed event, it is
straightforward to correct such errors. We can treat the
entanglement distribution between adjoint nodes in this
way (details are discussed in SecIII), however in general
we have to repeat the gate sequence until success while
the nuclear spin curries nontrivial quantum information,
and hence such errors can be accumulated. To deal with
such errors, it is shown that a use of an appropriately
polarised optical field would be sufficient to suppress the
unwanted excitations to meet the overall error rate for
fault-tolerant quantum computation.[12].
The electron spin coherence time so far is less than
0.1 ms, and the communication time for 10km through a
fiber is approximately 50µs, hence the electron spin co-
herent time is not long enough to maintain the quantum
information with a high fidelity. A coherence time for
the nuclear spin of the 15N at the NV− centre of 0.2s is
expected, which is more than three orders of magnitude
longer than the electron spin coherence time. Hence the
nuclear spin may be used as a quantum buffer or memory
instead. The hyperfine coupling can be used to realise a
CZ gate between the electron spin and the nuclear spin.
The hyperfine interaction is always on, which could be a
decoherence source for the nuclear spin, however we can
effectively turn off the hyperfine coupling by setting the
electron state to be |0〉.
Now, we turn to single qubit rotations and measure-
ments, which are essential for initialisation, single-qubit
operation, and readout. We start with spin rotations.
The spin rotations can be implemented via an electro-
magnetic driving field, the interaction can be given as
Hd = ~Ω0 cos(ωdt+ φ)(Sx −
gnµn
geµB
Ix), (4)
where Ω0 is the amplitude of the applied field. The
frequency ωd is chosen to determine whether we drive
the electron or nuclear spin with the specific phase φ.
The initialisation and readout can be done through mea-
surements. The projective measurement of the electron
spin on to the computational basis can be implemented
as QND measurement via photon. The conditional re-
flection introduced previously can be used to determine
whether or not the electron spin state is |0〉 or |1〉 by de-
tecting the reflected photons. Combining it with single
rotations, we can implement X− and Y− measurements.
Such QND measurements can be also done with weak
3coherent state, however to achieve a higher overall effi-
ciency, we use repeated QND measurement with single
photons. This way we avoid deionisation of NV− as well
as minimise unwanted excitations to the first excitation
manifold[33, 34]. There is a small possibility that the
electron spin state leaks to | − 1〉. Through the repeated
QND measurement, we can detect such leakage and re-
set the electron spin by the spin rotation. The projective
measurement on the nuclear spin can implemented via
the hyperfine interaction and the QND measurement on
the electron spin.[12] The natural hyperfine interaction
enables fast Z−basis measurements, while X− and Y−
basis measurements can be done with a driven hyperfine
interaction.[35]. Combining the measurement schemes
and the single qubit rotations, we can initialise the state
of both electron and nuclear spins.
As we described above, the NV− centre in an optical
cavity is a good candidate to construct the module, how-
ever this is not only the implementation possible. As long
as all the module functions are satisfied with required fi-
delities, a design radically different from this may be con-
sidered. The specific physical parameters are necessary
for the construction and evaluation of the module and its
systems [12].
III. REMOTE ENTANGLEMENT
DISTRIBUTION
Our scheme for the remote entanglement distribution
is depicted in Fig. (1a). This scheme is applied to es-
tablish entanglement between two adjoint nodes. As we
mentioned in Sec.II, the cavity of the module is tuned to
conditionally reflect an incoming photon only when the
electron spin state is |0〉, and we use this conditional re-
flection to establish entanglement between two electron
spins in different modules. As shown in Fig. (1a), a
high-rate Bell source as well as a polarisation selective
detector is inserted at the sender node. The creation of
the link begins with the Bell source emitting an entan-
gled pair, 1√
2
[|HV 〉 − |V H〉], at the telecom wavelength.
One photon, to be sent to the receiver node, is tempo-
rally buffered while the second is frequency converted so
it can interact at near resonance with the cavity contain-
ing an NV− centre electron spin prepared in the state
|+〉 = 1√
2
[|0〉+ |+ 1〉]. Then, a π phase shift is applied
to the vertically polarised photon only when the qubit
is in the |0〉 state. The photon is then measured in the
diagonal (D) basis giving a result D, A and 0 where 0 no
photon detected.
In the event of a photon detection, the electron spin
in the sender module is entangled with the fist photon
stored in the buffer. Before sending the first photon, we
store the shared entanglement with the photon to the nu-
clear spin, of which coherence time is significantly longer
than the electron coherence time, avoiding the deteriora-
tion of the fidelity from the electron spin dephasing. This
entanglement transfer operation can be done via the hy-
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FIG. 1. a) Schematic diagram of an entanglement generation
between two remote nodes connected by fiber. The nodes
are composed of a NV− center embed in a single sided opti-
cal cavity along with a frequency converter from the telecom
wavelength photons to the NV center transition and detectors
that measure in the diagonal basis. The left hand side nodes
also includes a source of 1√
2
[|HV 〉 − |V H〉] entangled photons
at the telecom wavelength and gating operations. The gate
opens only upon a successful measurement event at this node.
b) Entanglement swapping within a repeater node based on
the probabilistic entanglement of the individual NV− electron
spin using a single photon in a Mach Zender interferometer
arrangement. Detection at the dark port implies a maximally
entangled Bell state has been generated. Using the hyperfine
interaction and electron spin measurements, the entanglement
link can be transferred to the nuclear spins - effectively creat-
ing a chain of entangled nuclear spins [12]. c) Entanglement
swapping over many repeater nodes.
perfine coupling and the electron spin measurement and
initialisation. Then, the buffered photon is transmitted
over the link (for example in time bin encoded format)
to the adjacent nodes along with the measured detection
result (either D or A). Upon arrival of the photon at the
remote receiving node, its frequency is converted to the
optical wavelengths where it then interacts with the sec-
ond NV− center also prepared in the |+〉 state. Again
a π phase shift occurs on the vertically polarised photon
if the electron spin was in the |0〉 state. The polarised
photon is then measured in the diagonal basis. When
the photon is successfully measured, the entanglement is
stored in the nuclear spin again via the hyperfine coupling
4and the electron spin state measurement. The resulting
state, dependent on a successful measurement result, is
ρ(t) =
1 + e−t/T2
2
|ζ−〉〈ζ−|+
1− e−t/T2
2
|ζ+〉〈ζ+|,
(5)
giving a resulting Bell pair is |ζ−〉 = |Φ−〉, |ζ+〉 =
|Φ+〉 for the D,D and A,A events and |ζ−〉 =
|Ψ−〉, |ζ+〉 = |Ψ+〉 for the D,A and A,D events
with |Φ±〉 = 1√
2
[|0〉|0〉 ± |+ 1〉|+ 1〉] and |Ψ±〉 =
1√
2
[|0〉|+ 1〉 ± |+ 1〉|0〉] with the fidelity F (t) = 1+e
−t/T2
2
. Here T2 is the coherence time of the nuclear spins while
TR (TR ≪ T2) is the roundtrip time for a signal to prop-
agate between adjacent nodes [40]. Each of these events
(D,D, D,A, A,D, A,A) occurs with a probability
e−L/L0(1− T )pcpD/8, (6)
thus giving an overall success probability
ps = e
−L/L0(1− T )pcpD/2. (7)
Here L is the length of the channel between the nodes, L0
the attenuation length of the fiber, pD the single photon
detection probability, pc the coupling efficiencies associ-
ated with the cavity interaction (including the frequency
conversion frequency) and T the transmission coefficient
(T ∼ −1) [41]. If the detection event was 0, the procedure
has failed and the protocol needs to start again. At the
stage of the entanglement generation, there is no com-
munication information involved in the procedure, and
hence the electron and the nuclear spins can be measured
and reinitialised for the next round of entanglement gen-
eration without any loss of communication information.
A. Performance and Rates
Each attempt of the entanglement generation de-
scribed above is probabilistic in nature, and this basic
entanglement link can be converted to near deterministic
with the use of spacial or temporal resources. With lim-
ited initial physical resources, the temporal approach (a
repeat until success strategy) should be used scarifying
the operational time. To achieve a failure probability ǫ
for the basic entanglement link, n ∼ log ǫ/ps attempts
are required. After the n attempt, the missing link prob-
ability ǫ reduces the rate of the basic entanglement link,
hence the rate is
R ∼ −(1− ǫ)
c
2L
ps
log ǫ
(8)
∼ −(1− ǫ)
e−L/L0
L
c pcpD(1 − T )
4 log ǫ
. (9)
We could have the rate R to be c
2L
ps
log ǫ incorporating the
failure factor ǫ to the fidelity of the Bell pair. However,
with the healed signal, we know when the link failed, and
hence we can keep the fidelity untouched scarifying the
generation rate.
IV. SIMPLE LINEAR CHAINS
The next step is to move from two adjoint nodes to a
linear chain of quantum repeater nodes. Among a num-
ber of approaches and strategies that can be used to im-
plement a linear chain quantum repeater, the simplest is
the minimal resource approach by Lukin et. al[5], where
each node has one NV− center hosting two qubits (an
electron spin and a nuclear spin). However the electron
spins coherence time significantly limits the quality of the
longer range entangled links that can be constructed. In-
stead by moving to two NV− centers per node (Figure
1b), one can use the nuclear spins long coherence proper-
ties to establish all the long range link, yet use the elec-
tron spins for interface to distribute entanglement both
within and between the nodes. The local two qubit gates
between NV centers in different cavity within the same
node are mediated via an optical link which facilitates the
two electron spins to be entangled. This electron spins
entanglement can then be transferred to the nuclear spins
creating an entanglement chain, i.e. a linear cluster state,
of NV center electron and nuclear spins [12]. By measur-
ing the nuclear spins in the intermediate repeater nodes
in an X basis, they are disentangled and a longer range
nuclear spin entangled link created (Figure 1c).
Given the high initial fidelity of the nuclear spin links
and the near deterministic local gates, we can now esti-
mate the performance of such a repeater scheme. One
can also easily establish an estimate for rate to generate
Bell pairs between the end nodes in the linear chain as
Rnet ∼ −(1− ǫ)
N Ne
−Ltot/NL0
Ltot
c pcpD(1− T )
4 log ǫ
(10)
where N+1 is the number of repeater nodes in the chain.
The expression of Rnet indicates that increasing the num-
ber of repeaters nodes (increasing N) for the fixed dis-
tance Ltot would give a better performance, however as
our initial entangled links have a finite fidelity F , per-
forming N − 1 entanglement swapping operation would
lead to a decrease in the overall fidelity Fnet = F
NFN−1gate ,
where Fgate is the gate fidelity for performing the swap-
ping operation. As the number of nodes enhances the
degradation of the fidelity, with more nodes in the re-
peater chain we end up with the worse the fidelity of the
resulting entangled link between the end nodes. To il-
lustrate this we plot the resulting fidelity in Figure (2)
versus N for a 200 km, 350km & 500 km network. The
high initial fidelity links between adjacent repeater nodes
plus fast, near deterministic and efficient local gates in-
dicate that purification is not required as long as the
number of nodes is small. For the smaller number of
nodes, the probability of success for a single link gener-
ation between adjacent nodes is quite low and so many
attempts are needed (> 100). Although it requires less
entanglement swapping gates, generating an end to end
eventually approach to the life time of the nuclear spin
and hence its coherence time limits our Bell pair fidelity,
which appears in the sharp raising curve in the small
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FIG. 2. Fidelity of the resulting Bell state between the end
node of the repeater chain versus N for for network distances
of 200, 350 & 500 km.
node-number domain in Fig. 2. For a much larger N ,
the fidelity is instead limited by the gate fidelity Fgate,
shown in the large node-number domain in Fig. 2.
An issue arises where one wants to make comparisons
with different numbers of repeater nodes. Changing
the number of nodes or the number of qubits within a
node will dramatically change its rate of communication.
Hence some form of resource normalisation could be ap-
propriate. There are many ways this could be achieved
but a natural one would be to divide the rate by the total
number so qubits in the whole network. In such a case
this normalised rate R¯net can be estimated as
R¯net ∼ −(1− ǫ)
N e
−Ltot/NL0
Ltot
c pcpD(1− T )
8 log ǫ
. (11)
A. Secret key rate
Being able to determine the rate and fidelity of entan-
gled state generated over the end points of the networks
gives us very useful information about the performance
of our scheme. As mentioned earlier one of the natural
applications for a long range entangled link is quantum
key distribution. In most QKD scheme the keys can only
be established over a maximum distance of 200 km and at
this extreme range, the rate is generally quite low[36, 37].
Given our repeater scheme, we can now determine the se-
cret key rate and normalised secret key rate by the num-
ber of devices one can generate over 200, 350 and 500
km. Our secret key rate Cr (normalised secret key rate
C¯r ) is given by the rate Rnet (normalised rate R¯net) of
generating entangled links multiplied by the factor of se-
cret keys material per Bell state. This can be expressed
as
Cr = Rnet × (1 −H [ǫf ]),
C¯r = R¯net × (1 −H [ǫf ]) (12)
respectively where H [x] = −x log2 x− (1−x) log2(1−x)
is the binary entropy function and ǫf = 1 − Fnet the
error rate of the end to end Bell pair. This is due to the
dominant phase error in the system, this simple entropy
function is enough for our estimation. In Figure (3) we
plot the secret key and normalised secret key rate versus
the number repeater links for three choices of the failure
probability for a link being generated between adjacent
nodes, ǫ = 0.1, 0.01, 0.001. Figure (3) shows the different
performance for each ǫ. For ǫ = 0.1 there is 10 percent
chance an individual link will failure and in this case the
overall chain failures. This means one does not want too
many repeater nodes present (which can be seen from
the peak maximum between 10 and 20). However for
ǫ = 0.001 the failure probability is on the order of 0.1
percent and so for N < 100 links do not fail very often.
This means it should be rare for the entanglement chain
to be broken but the cost will be we wait a long time for
the individual nodes between adjacent repeater nodes to
be generated and so the overall rate could be low.
An ǫ value between these should have better perfor-
mance which can be seen in Figure (3c,d). What is quite
interesting is the optimal number of repeater nodes de-
pends heavily on whether one is considering the raw or
normalised rates. As we add extra nodes to the repeater
chain, the raw rate can obviously increase until the loss
in fidelity balances it out. However for the normalised
rate, we also need to divide by the 2N NV− centers used
in the linear network and so we would expect the optimal
point to be reached for fewer repeater nodes. Thus we
expect the number of nodes to be less in this second case.
The low rate key rate for small numbers of repeater
nodes is again due to the probability of success for each
try of a single link between adjacent nodes being quite
low, and hence many attempts are needed. This means
the time to generate our end to end entangled links starts
to approach the life time of the nuclear spin and so the
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FIG. 3. Long distance secret key rates (a,c,e) and normalised secret key rates (b,d,f) for an N+1 node linear repeater network
with total distances of 200, 350 & 500 km for various link failure probabilities plink failure = ǫ = 0.1, 0.01, 0.001. The network
has N − 1 intermediate repeater nodes with each node containing two NV− centers. The secure key rate is calculated by
multiplying the end to end link rate by 1−H [ǫf ] where H [x] is the binary entropy function and ǫf the error rate of the end to
end Bell pair. The normalised secure key rate is calculated by multiplying the end to end link rate by 1−H [ǫf ] divided by the
total number of NV− centers used in the network. In c) with plink failure = 0.01, the optimal separation between the repeaters
nodes are 5.71 km, 9.21 km and 12.20 km respectively, while for d) it is 11.11 km, 15.21 km and 17.86 km respectively.
7fidelity of the resulting state is low. For large N we fi-
delity we also limited by the FNFN−1gate fidelity. This two
effects compete with one another and so there is an op-
timal point for moderate N . Having a repeater scaling
between 10 - 20 km apart seems to be a good working
point.
V. MULTIPLEXING
Our performance for creating longer range links is pri-
marily limited by the time to create the entangled links
between adjacent nodes, and not by the local gates to
perform the swapping operations. When the nodes sep-
aration exceeds the attenuation length of the fiber, we
need to wait a significant number of round trip time
for quantum/classical to be sent between adjacent nodes.
This is a form of temporal multiplexing but its also has
a secondary detreminal effect on our NV− centers due to
their finite coherence times. This memory issue can be
overcome by using a spatial multiplexing strategy costing
more physical resources. However more efficient spatial
strategies can increase the performance further [7] as we
depict in Fig (4) as it uses approximately half the re-
sources of the previous schemes. With n senders and
Alice Repeater node 1
Se
n
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rs
Reciever
Se
n
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rs To Repeater
node 2
FIG. 4. Schematic diagram of a spatially multiplexed quan-
tum repeater scheme.
1 receiver, the probability a link is established is pS =
1−(1− ps)
n
. Of course more than one link between adja-
cent repeater nodes can be established at the same time.
In fact, if one requires q copies then the success proba-
bility for n senders is pS = 1 −
∑q−1
i=0
(
n
i
)
pis (1− ps)
n−i.
These q copies can be used in a number of ways including:
• Increasing the rate for generating long range Bell
states.
• Performing some form of error correction to in-
crease the range and fidelity of the long range Bell
states.
Let us consider the first item. In Figure (5) we show
the long distance secret key rate and normalised secret
key rate for several network lengths, using the multi-
plexed strategy depicted in Fig (4). Within a repeater
node we have n + 1 qubits, n qubits used to establish
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FIG. 5. Long distance secret key rate a) and normalised se-
cret key rate b) for an N + 1 node linear repeater network
with total distances of 200, 350 & 500 km for a link failure
probabilities plink failure = ǫ = 0.01. The network has N − 1
intermediate repeater nodes with each node containing m+1
NV− centers. In a) the optimal separation between the re-
peaters nodes are 8.33 km, 14.58 km and 20.83 km respec-
tively for the 200, 350 & 500km overall distances, while for b)
it is 12.5 km, 16.67 km and 20.83 km respectively.
entanglement to it right hand neighbour and one to acts
as a receiver to accept connections coming from the left
hand adjacent repeater node. Of course as we are using
more qubit per node, our raw (un normalised) secret key
rate increase. The normalised rate however also increases
and this is primarily due to removing the detrimental
memory effects.
The second case is quite interesting as it opens an-
other possibility for how we send information between
the nodes. We could now encode multiple bits of informa-
tion (say q bits) onto the transmitted single photon using
time bin, frequencies etc [44]. In such a case we create a
Bell state composed of the NV− center (one qubit) and
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FIG. 6. Long distance secret key rate a) and normalised
secret key rate b) for an N + 1 node linear repeater network
with total distances of 200, 350 & 500 km for a link failure
probabilities plink failure = ǫ = 0.01 when more than 1 qubit
of information is encoded on the photon. The network has
N − 1 intermediate repeater nodes with each node containing
m+ q NV− centers. In a) the optimal separation between the
repeaters nodes are 7.41 km, 12.5 km and 17.86 km respec-
tively for the 200, 350 & 500km overall distances, while for b)
it is 11.76 km, 15.91 km and 19.23 km respectively.
a hyper-encoded photonic state (encoded qubit). This
hyper-encoded photonic state is transmitted over the net-
work to the receiver side where its state is transferred
back to d qubits and decoded to correct errors, that had
occurred during the transmission or on the receiver side
(It however will not correct memory based errors on the
original bare NV− center qubit). The hyper encoding al-
lows us to improve the key generation rate as is shown in
the red curves in Fig (6). However such a strategy does
not allow us to significantly increase the total distance
entanglement can be generated due to the imperfect Bell
pairs created between adjacent nodes and errors associ-
ated with the local gates ( ∼ 0.3%). It is difficult to have
a normalised key rate greater than 1 bit/s for distance
greater than 1000 km.
VI. GOING LONGER : ERROR CORRECTION
To establish longer links one needs to perform either
long range purification or error correction. Usual pair-
wise purification is not ideal as it requires extensive clas-
sical communication which significantly limits its perfor-
mance and the extensive classical communication dra-
matically increases the requirements on the quantum
memories[38]. Error correction could exhibit similar lim-
itations, however error correction provide different ways
to protect coherence of the state[39], and hence its use
does raise a number of important issues. First and fore-
most is the effect on performance by doing the error cor-
rection itself. To perform error correction we need many
entangled links between adjacent nodes and so one would
think that the rate of communication would decrease.
For a distance d error correction code, nd entangled pairs
are needed. It is straightforward to show the rate for
generating an encoded entangled link over a distance of
Ltotal = NL divided by the total number of qubits used
in the network is
R¯net(N,nd) ∼ −
e−Ltot/NL0
ndLtot
c pcpD(1− T )
4 log ǫ
(13)
We immediately notice that the normalised rate is lower
by a factor of nd compared to case if not error correction
had been done. However this does not indicate that error
correction does not give us any improvements on the nor-
malised rate. To show this, we could ask if any strategies
with error correction can beat a non-coded strategy. To
show this quantitatively, we assume a 10 link linear quan-
tum repeater over 2000km, which gives the normalised
rate R¯net(10, 1), and see if there is any strategy with er-
ror correction of the normalized rate R¯net(r, nd) that can
exceed R¯net(10, 1). In Figure (7) we compare the perfor-
mance using normalised rates of two error corrected codes
with distances of d=5 and 7, which are based on topolog-
ical codes, requiring nq =81 and 169 respectively qubits
per node in this scenario. The plots clearly show that
once the number of nodes is above 20, a rate improve-
ment can be obtained. More specifically for 75 nodes,
the improvement is 45 times for the d=5 code and 14
times for the d=7 code. The d=7 code however does
give a much higher fidelity pair than the d=5 case (by
at least one order of magnitude). This does lead to a
natural question of what the requirements are for an im-
provement in rate.
A. Improvement criteria
Now we formulate improvement possibility by error
correction as an improvement criteria. as the range of
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FIG. 7. Normalised rate Rr,nd (for a 2000 km fully error
corrected network (with codes distances of d=5 and d=7)
compared with the rate R10,1 of a 10 link repeater network
without error correction. The raw communications are is 3.7
kHz for both the d=5 and 7 codes. Both achieve a final fidelity
for their entangled pair grater than 99% (99.9% and 99.99%
respectively). The fidelity of the straight (no error correction)
10 link network is approximately 92%.
r to satisfy R¯net(r, nd) > R¯net(N, 1). This gives the con-
dition for r as
r >
NLtot
Ltot −NL0 loge nd
, (14)
An improvement can only be obtained when Ltot >
NL0 loge nd and r > N . Further if the separation be-
tween nodes L = Ltot/N is less the attenuation length
of the fiber L0, error correction can not increase the per-
formance. To illustrate this we show in figure (8) the
boundaries for different nd with Ltot = 2000 km where
Rr,nd > RN,1. Above these boundaries an overall im-
provement to the normalised rate occurs.
VII. CONCLUSION
To summarise, we have presented a simple repeater
scheme based on NV centers in diamond which can be
used in a few node network yet scaled to a large scale
networks as more resources become available. For shorter
distances, 200, 350, 500km, a simple scheme of two NV
centers for each node can give significant gain in its secret
key rate. Although the setting is not optimal, a repeater
with ten NV-enters can exhibit a significant gain over
200km. For a longer distance, The performance shown
in Fig. 3 explains the tradeoff between the longer waiting
time for entanglement distribution in two adjoint nodes
and the increasing swap operations with a larger node
number. This simple scheme does not have a mecha-
nism to improve the waiting time nor to recover from
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FIG. 8. Comparison of the rate of generating an entangled
link over a 2000 km network using various topological error
correction codes of distance d = 3, 5, 7 (with qubit numbers
25,81,169 respectively). Here N+1 is the number of rhodes in
the case of no error correction while r is the number of nodes
in the error corrected case. Improvement in the normalised
rates are shown as shaded areas above the corresponding d
boundary.
the increasing gate errors, we can address these issues
by introducing multiplexing for the former and error cor-
rection for the latter. The improvement multiplexing is
shown in Fig. 6. The improvement error correction can
give has a richer properties. As error correction imposes
a significant constance overhead in the resource, i.e. the
number of NV centers, an interesting question is error
correction could ever give us any benefit for normalised
Bell-pair generation rate. Error correction pushes the fi-
delity of the final Bell-pair, hence if we have improvement
in the net rate, a better improvement is guaranteed for
its secure key rate. It could be interesting to see how the
secure key rate behaves, however as error correction can
keep the fidelity very high in comparison to non-error cor-
rected schemes, secure key rates do not fully capture the
properties of quantum repeaters. For instance, error cor-
rection allows to achieve 99.9% final fidelity, enough for
fault tolerant quantum computation and communication,
which requires roughly an error rate of the order of 10−5
for local gates for a 20 link linear repeater. To conclude,
we evaluated the performance for the simple, two-NV
centre per node scheme, the multiplexed scheme, and the
error corrected schemes. This indicates that with such
devices as a NV-center based cavity device, can realise a
quantum communication system which clearly show the
figure of merit of quantum repeater. The performance
also shows how we can extend a simple scheme can be
extended towards fully fault tolerant quantum communi-
cation. Although the performance has been evaluated in
linear network setting, the device allows as to implement
arbitrary shaped network by classical switching.
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